The importance of maintaining fragments of tropical rain forest in an unfavorable matrix of degraded areas for the conservation of intact fauna assemblages has been confirmed in several studies (Faria et al. 2006; Galindo-González and Sosa 2003; Harvey and González Villalobos 2007) . However, the continuing destruction and isolation of rain forest will favor generalist species, increase colonization by invasive species (Umetsu and Pardini 2007) , and reduce immigration rates and species richness (Doak and Mills 1994; Simberloff 1988) , as matrices of agricultural fields or secondary forest restrict movement to suitable habitat patches. A dominating and extensive matrix of rain forest can, however, increase animal diversity (MacArthur and Wilson 1967) . We define matrix as a connected area of dominating surface in a landscape; the response to the matrix depends on the species of interest. Mobile species, such as bats, are generally able to cross open areas, but the reduction in traveling and foraging activity in matrices of agricultural lands suggests the importance of forest cover in determining the matrix as either favorable or unfavorable (Medina et al. 2007; Schulze et al. 2000,) .
Bats play an important role in the regulation of insect herbivory (Kalka et al. 2008; Van Bael et al. 2003) and in seed dispersion and pollination (Fleming and Sosa 1994; GalindoGonzález et al. 2000; Kelm et al. 2008; Kunz et al. 2011) , and thereby modify plant community composition (Brown and Hutchings 1997; Laurance 1994; Tocher et al. 1997) . Hence, the destruction of a matrix of rain forest can trigger important cascading effects (Fahrig 2001 . Slash-and-burn agriculture has frequently perforated original rain-forest matrices, creating singular isolated or multiple connected patches of secondary forest and agricultural fields. Clearing rain forest or felling trees by logging or natural causes influence rain-forest dynamics, changing the community composition and vegetation structure. According to the intermediate-disturbance hypothesis these impacts can favor local species richness and diversity of floral and faunal species (Collins 1987; Connell 1978; Wilkinson 1999) . However, in the case of bats, highest bat species richness (Estrada and Coates-Estrada 2002) and diversity (Castro-Luna et al. 2007) have been recorded in areas of low-disturbance continuous forest or forest fragments of remaining rain forest. Continuous areas of late successional rain forest are important refuges for Phyllostominae bats (Kunz and Lumsden 2003; Rodríguez-Herrera et al. 2007) , and hold important forage areas for most habitat-dependent, large-bodied bat species (Faria et al. 2006; Galindo-González 2004; Schulze et al. 2000) , which are usually absent in areas of higher disturbance. Areas of higher disturbance such as secondary forest can attract bat species tolerant to landscape modification, usually smaller-bodied species, which are indicators of forest disturbance (Schulze et al. 2000) .
The configuration and composition of disturbed areas and the remaining rain forest influence landscape heterogeneity, and therefore the bat community structure through speciesspecific reactions to changes in availability of foraging habitat and refuges. Their response to landscape characteristics depends on the scale and the sensitivity of the bat species, such as their home-range size and day-to-day movement patterns (Gorresen et al. 2005) . The species' sensitivity to disturbance, such as small patches of secondary forest immersed in a matrix of rain forest, is expected to differ among bat species, depending on their home-range size, which is related to the species' body mass (Kelt and Van Vuren 1999) and its capacity to tolerate different degrees of disturbances (Galindo-González 2004) .
The spatial layout of disturbed areas and the importance of a favorable matrix have often been confounded in previous studies (Castro-Luna et al. 2007; Vargas-Contreras et al. 2009 ). Moreover, structural and compositional differences such as plant diversity and woody cover can affect the bat assemblage (Kalko and Handley 2001; Medellín et al. 2000) , but mostly canopy openness is an important factor negatively affecting bat abundance (Castro-Luna et al. 2007; Crome and Richards 1988; Ford et al. 2005; Gorresen and Willig 2004) . In this paper we quantify the impact of changes in the matrix layout, the spatial settings of secondary forest patches in a matrix of rain forest, and variation in forest composition and vegetation structure on bat assemblages. We tested whether highest bat diversity and richness is observed in the matrix rain forest in comparison to secondary forest patches, which is in contrast to the predictions derived from the intermediate-disturbance hypothesis; whether the proportion of continuous rain forest surrounding secondary forest patches favors bat diversity, richness, and abundance of disturbance-sensitive (large-bodied) bat species; and whether increasing canopy cover favors bat abundance. To test these hypotheses, we studied the diversity, richness, and abundance of bat species in patches of secondary forest largely enclosed by rain forest, patches of secondary forest only partially enclosed, and control sites within the rain-forest matrix, and related bat community structure to changes in vegetation structure and composition.
MATERIALS AND METHODS
The study was carried out in the Maya Lacandon community of Lacanhá Chansayab on the margin of Montes Azules Biosphere Reserve, Chiapas, Mexico (16846 0 08 00 N, 91808 0 12 00 W) with an elevation of 350 m above sea level. The climate is humid and warm with a mean annual temperature of 24.78C and a mean annual precipitation of .2,000 mm (Pennington and Sarukhán 2005) . The farmers of this community sustainably manage natural resources using a traditional slash-and-burn system (Nations and Nigh 1980) . The involvement of farmers in ecotourism (Hernandez Cruz et al. 2005) , employment outside the community (Diemont et al. 2006) , and the community's relatively small population size (approximately 500 inhabitants) result in a low anthropogenic impact on the rain forest, maintaining a continuous area of rain forest. The predominant vegetation consists of evergreen rain forest with dominant species such as Dialium guianense, Brosimum alicastrum, Swietenia macrophylla, Ficus spp., and Spondias mombin (Miranda and Hernández 1963) . Secondary forests in Lacanhá can vary in composition, depending on the preference of the landowner. Ochroma pyramidale (Malvaceae) is often preferred by farmers in Lacanhá, because it is known for its fast growth and capacity to enrich degraded soils (Douterlungne et al. 2010; Levy-Tacher 2000; Levy-Tacher and Golicher 2004) .
Study sites.-The study included a total of 16 sites in the Maya Lacandon community; 8 sites were secondary forest patches with areas of 0.5-1.0 ha and 8 were control sites of rain forest. The secondary forest patches had been part of slash-andburn agriculture and had been abandoned for a period of 10-15 years. Replicates (4) of secondary forest patches were classified as partially enclosed patch, with less than 35% enclosed by rain forest. The other 4 sites of secondary forest patches were classified as largely enclosed patch, with more than 85% enclosed by rain forest (Table 1 ). The secondary forest patches were dominated by O. pyramidale. The control sites in the matrix of continuous rain forest were located in close proximity to the secondary forest patches (Fig. 1) . Each control site of rain forest was chosen in the immediate vicinity of a secondary forest patch, in order to exclude distance as a possible factor affecting bat arrival in secondary forest patches.
Bat sampling.-Bats were sampled each month using 3 (12 3 2.4 m, 36-mm mesh) mist nets per site, set at ground level, starting 0.5 h before sunset until 4 h after sunset, 1 night per site, from April 2010 to March 2011. The total sampling effort was 74,649.6 m 2 h (Straube and Bianconi 2002) . Trails, roads, and rivers were avoided while capturing bats, for their potential bias toward bat species using pathways (Palmeirim and Etheridge 1985) , and mist nets were placed at least 25 m from the border of sites to avoid edge effect. Bats were identified using field guides (Álvarez et al. 1994; Medellín et al. 2008; Reid 1997) . The forearm of each individual was marked upon release with a colored marker, to avoid recounting during the same night.
Species were grouped into ecological guilds: frugivorous, omnivorous, insectivorous, hematophagous, and carnivorousinsectivorous (Estrada and Coates-Estrada 2001; Estrada et al. 2006; Medellín and Gaona 1999) . Procedures followed guidelines of the American Society of Mammalogists (Sikes et al. 2011) and were approved by the postgraduate office of El Colegio de la Frontera Sur (ECOSUR).
Vegetation structure variables.-Vegetation structure variables were measured in 6 quadrants of 10 3 10 m (600 m 2 ) per site, measuring tree diameter at breast height and height, and identifying all trees .5 cm diameter at breast height. Percentage of canopy openness was measured at 15 random points for each site using a hemispheric crown densiometer (Forestry Suppliers Inc., Jackson, Mississippi). Trees were divided into 3 height categories; 5-10 m, 10-20 m, and .20 m. Local diversity (Shannon-Wiener H 0 ), average height, and basal area of trees were calculated per site.
Data analysis.-Bat species richness and diversity (Krebs 1989) were calculated per site. Species richness was calculated using EstimateS (Colwell 2005 ) and the JACKKNIFE 2 estimator. Species diversity was calculated with the ShannonWiener H 0 index. Each site had a different contribution toward total local diversity. To evaluate the contribution of local diversity of each site to the total diversity we calculated the species diversity (Simpson's index) and distinctiveness of sites to the total diversity (Lu et al. 2007 ). The analysis was executed in the R program (R Development Core Team 2008), using the ''contribdiv'' function from the vegan package (Oksanen et al. 2011) . The number of rare bat species was calculated by classifying a species as rare if ,10 bats were recorded in each treatment. Rank abundance curves were made following Krebs (1989) .
All response and explanatory variables were tested for normality using either Kolmogorov-Smirnov or Shapiro-Wilk normality tests, depending on the number of observations per variable. Nonnormal data were normalized using logarithm transformations. Data were analyzed for differences among treatments with an analysis of variance (ANOVA), followed by Tukey post hoc tests for normally distributed data, and a Kruskal-Wallis test, followed by post hoc Mann-Whitney Utests with Bonferroni correction for nonparametric data. Analyses were conducted in SPSS 17 (SPSS Inc. 2007) .
A forward multiple regression was performed in SPSS 17, using bat diversity, richness, contribution to total diversity, and bat abundance as response variables, and canopy openness, number of trees, mean tree height, number of trees per height class (,10 m, 10-20 m, and .20 m), vegetation diversity (H 0 ), and (arcsine transformed) percentage of surrounding rain forest as predictor variables.
RESULTS
Bat species composition.-A total of 2,588 bats, from 30 species belonging to 4 families, were captured, 1,074 individuals in the 8 secondary forest sites and 1,514 in the 8 control sites (Appendix I). The family Phyllostomidae, with 27 species, contributed most to species richness and accounted for 98% of all bats.
Estimated species richness (v partially enclosed patches, followed by largely enclosed patches and the controls, respectively. Bat abundance seemed slightly higher for both control treatments, but was statistically nonsignificant, due to high variability within controls (v 2 3,44 ¼ 4.7656, P ¼ 0.199; Fig. 2d ). The relative rank abundance curves (Fig. 3) showed a short tail and a steeper decrease for partially enclosed patches, because of the lower number and the larger relative differences between bat species' abundances in comparison with the respective control sites. However, 3 bat species had a higher relative abundance in both treatment plots, illustrating a lower evenness of the treatments compared to their controls. The rank abundance curves of largely enclosed patches and their respective controls (Fig. 3) presented a similar steepness, with the same 3 most-abundant bat species and the control rain forest having more species at lower abundances than the largely enclosed patches.
Frugivorous bat abundance was similar among all treatments, with a slightly higher (nonsignificant) abundance in controls (v 2 3,44 ¼ 2.116, P ¼ 0.549; Table 2 ). We found that 4 frugivorous bat species, Artibeus lituratus, A. jamaicensis, Carollia sowelli, and C. perspicillata, represented 66% of the total abundance (Fig. 4) . The abundances of A. lituratus (v 2 3,188 ¼ 43.396, P , 0.001) and A. jamaicensis (v 2 3,188 ¼ 37.764, P , 0.001), both large, frugivorous canopy bats, were different among treatments, with higher abundances in control treatments, followed by patches largely enclosed, and lowest abundance in partially enclosed patches. Abundances of C. A total of 18 bat species were classified as rare, 16 of which belonged to the family Phyllostomidae (Appendix I). Most rare species, 17, were found in control treatments. In forest patches 11 rare species were captured in largely enclosed patches, whereas only 4 rare species were captured in partially enclosed patches.
Vegetation census.-Control treatments had a significantly higher average tree height (v total number of trees in both forest patch treatments was higher than in control treatments (F 3,12 ¼ 9.695, P ¼ 0.002). The number of trees below 10 m was similar among treatments (F 3,12 ¼ 1.072, P ¼ 0.398), but the number of trees between 10 and 20 m (F 3,12 ¼ 7.048, P ¼ 0.005) and number of trees above 20 m (F 3,12 ¼ 5.405, P ¼ 0.014) were higher in partially enclosed patches and largely enclosed patches. The tree species diversity (Shannon-Wiener H 0 ) was slightly higher for both control treatments, but not significantly so (F 3,12 ¼ 1.341, P ¼ 0.307).
Relationship between landscape and vegetation variables and bat composition and abundance.-The forward multiple regression showed a positive effect of the proportion of surrounding rain forest on 3 response variables: bat species richness (R 2 ¼ 0. 
DISCUSSION
The JACKKNIFE 2 richness estimator predicted a total of 34 bat species for the whole area, equal to 34 species registered in a similar area by Medellín et al. (2000) . The 30 species encountered represent 88% of the expected total number of /ha 6 SD), mean height (m 6 SD), mean number of trees between 5 and 10 m in height (number 6 SD), mean number of trees between 10 and 20 m in height (number 6 SD), mean number of trees larger than 20 m in height (number 6 SD), mean canopy openness (% 6 SD), and mean vegetation diversity according to Shannon-Wiener H 0 (6 SD). Different lowercase letters represent significant differences between treatments for each vegetation structure variable based on ANOVAs and post hoc Tukey tests. species. Due to the absence of both acoustic sampling or canopy mist nets during this study, our estimates of bat diversity and abundance may be low, because the probability of recording aerial insectivorous (MacSwiney et al. 2008 ) and canopy (e.g., emballonurids-Kalko and Handley 2001) bats is greatly reduced without the use of these methods (Bernard 2001; Kalko and Handley 2001; MacSwiney et al. 2008) . However, the techniques we used are widely well accepted as effective sampling methods for phyllostomid bats (Fenton et al. 1992; Kunz and Kurta 1988; Moreno and Halffter 1999) , facilitating comparisons among studies (Castro-Luna et al. 2007; Medellín et al. 2000; Schulze et al. 2000) , and we expect that the use of other, more time-consuming, sampling methods would not have changed our results. The highest bat species diversity, richness, and contribution to total diversity were found in areas of continuous rain forest, probably because of a combination of several factors, including higher diversity of food resources, higher abundance of food resources, more roosting opportunities such as tree cavities in older and larger trees (Kunz and Lumsden 2003) , and greater availability of plant species in which to build refuges (such as temporary tent-making sites- Rodríguez-Herrera et al. 2007 ). The rain forest in this study is a relatively large area, perforated by slash-and-burn patches, agricultural fields, and secondary forest patches in different successional stages, where several Piperaceae and Solanaceae species are very common. The close proximity of areas with agricultural fields or secondary forest in different successional stages can increase the attractiveness for certain bat species, such as small, frugivorous understory bat species (e.g., Carollia), which are known to have a small home range and roost close to multiple feeding areas (Bonaccorso et al. 2006; Heithaus and Fleming 1978) . Lower availability of and higher competition for adequate roosting sites in secondary forest areas also is likely to restrict small, frugivorous understory bats toward areas of continuous rain forest where more shelter opportunities are available (Fleming 1991) . Moreover, Gorresen and Willig (2004) showed that continuous rain forest provides greater food diversity for bat species during periods of food scarcity.
The rain-forest matrix represents an area of low disturbance where species such as Vampyrum spectrum, Chrotopterus auritus, and several other carnivorous-insectivorous bat species were captured. These species are usually found in continuous forest and mosaic habitats (Estrada and CoatesEstrada 2002; Schulze et al. 2000) , but are probably positively affected by the variety and abundance of favorable food resources found in continuous rain forest (Gorresen and Willig 2004) in contrast to secondary forest areas. Food resources for carnivorous-insectivorous bats, such as small, nonflying mammals and arthropods are usually more abundant and diverse in intermediately disturbed areas (Connell 1978; Schuldt et al. 2010 ) than in disturbed areas (Estrada et al. 1994; Schuldt et al. 2010 ). On the other hand, continuous rain forest represents a low-disturbance habitat, but holds the highest diversity of bats, in contrast to the intermediatedisturbance hypothesis, which predicts that species diversity should be greatest at intermediate levels of disturbance. Our results agree with those of Castro-Luna et al. (2007) and Medellín et al. (2000) , with highest bat species diversity in areas of low disturbance. Highest bat diversity in rain-forest sites of low disturbance is likely to be related to the refuge opportunities provided by continuous rain forest. Although areas of intermediate disturbance can promote high species diversity in comparison with lower-or higher-disturbance areas (Sheil and Burslem 2003) , increased refuge resources in areas of low disturbance are likely to remain of considerable importance for bat species (Kunz and Lumsden 2003; Rodríguez-Herrera et al. 2007 ), positively affecting diversity of bat captures. Therefore, we believe that the intermediatedisturbance hypothesis may not apply for bats because of the importance of low-disturbance areas providing important refuge opportunities.
Our 2nd evaluation (whether bat community composition is positively affected by the proportion of surrounding rain forest in secondary forest patches) showed that similar values of bat diversity and abundance were encountered in largely enclosed patches of secondary forest when compared to control treatments in continuous forest. However, richness and the contribution to total diversity were lower in largely enclosed patches than in the control sites. Several habitat-dependent species, mainly carnivorous-insectivorous bats, prefer rainforest areas without passing through areas of secondary forest (Galindo-González 2004), even if largely enclosed by rain forest. Although these species are dependent on continuous areas of rain forest, they can sporadically be found foraging in areas of secondary forest of more than 10 years in age. Several of these species, Mimon bennettii, Trachops cirrhosus, and Tonatia saurophila, were indeed recorded in secondary forest patches largely enclosed by rain forest, and were absent in partially enclosed patches.
Artibeus lituratus and A. jamaicensis were the most abundant species in control treatments, and reached relatively high numbers in largely enclosed patches, with similar abundance of A. jamaicensis as in its controls, but low abundances of both large frugivorous species were recorded in partially enclosed patches. These large frugivorous bat species are known to feed on fruits from canopy tree species, such as Ficus spp., Brosimum alicastrum (Moraceae), and other mature forest fruits (Gaona 1997 ) and these bat species are therefore expected to be found in continuous rain forest, where trees of the above-mentioned species are of sufficient age to carry fruits. Evidently, areas of secondary forest do not form a barrier to the movement of these bat species, where structural similarities could play an important role in facilitating bat movement (Gascon et al. 1999) .
Overall bat species diversity, richness, and contribution to total diversity were lower in partially enclosed patches than in their control treatments. Total bat abundance was similar; however, no carnivorous-insectivorous bats and fewer omnivorous bats were captured in partially enclosed patches in comparison to control treatments. Frugivorous bats were the most abundant guild in each site, with large differences between species. In partially enclosed patches the small frugivorous C. perspicillata, C. sowelli, and Sturnira lilium were frequently captured and are known for their preference for Piperaceae and Solanaceae fruits, mostly encountered in regenerating areas or areas of high disturbance (WilliamsGuillén and Perfecto 2010). A possible explanation for the high abundance of small frugivorous bat species in partially enclosed patches is their connectivity to other disturbed areas, secondary forest, or agricultural fields. Small frugivorous bat species feed on resources of high abundance (Heithaus et al. 1975) , resources that are likely to be more abundant in connected areas of secondary forest and agricultural fields.
Differences in vegetation structure between secondary forest patches and control sites included canopy cover, basal area, species diversity, density, and average height. However, only the relation between canopy cover and abundance of bats was confirmed, which is consistent with our 3rd hypothesis that the percentage of canopy cover positively affects bat abundance, following the results of earlier studies (Castro-Luna et al. 2007; Ford et al. 2005; Gorresen and Willig 2004) , where overlapping crowns of mature trees can improve shelter from predators and provide adequate roosting sites (Evelyn et al. 2003) . The secondary forest patches of our study differed only slightly in vegetation structure in comparison with rain-forest sites.
Secondary forest patches were dominated by mature O. pyramidale, a tree with specific structural characteristics, including a narrow, thin crown (Selaya et al. 2008 ) and sparse branching below the crown. Therefore, bats may perceive areas dominated by O. pyramidale as a relatively open, which, on one hand, might facilitate their movement, whereas on the other hand also could impede movement of bats because of higher predation risk (Russo et al. 2007 ) compared to secondary forest patches without O. pyramidale. Further study is needed to test for the effects of tree architecture on bat movement, predation risk, and bat abundance.
Overall, we found highest bat diversity and richness in continuous rain forest. Secondary forest patches largely enclosed by rain forest had higher bat diversity and richness than partially enclosed patches. The proportion of surrounding rain forest was an important factor in determining the diversity and richness of bat species, whereas canopy openness was negatively related to bat abundance. The importance of nearby rain-forest areas to secondary forest for the persistence of bat species also has been reported by Castro-Luna et al. (2007) , but our study emphasizes the importance of the proportion of surrounding rain forest as a mechanism affecting bat assemblage structure in secondary forest areas. This study describes how continuous rain forest surrounding disturbed areas increases bat species diversity, and we therefore hypothesize that the higher diversity of bat species in areas of secondary forest patches enclosed by rain forest results in an increase in the provision of ecological services, such as dispersal of seeds, pollination of flowers, and contribution to successional development, as well as predation of herbivores, triggering important cascading effects.
RESUMEN
Estudiamos el ensamble de murciélagos de la familia Phyllostomidae en parches de vegetación secundaria dominada por árboles pioneros de Ochroma pyramidale (Malvaceae) en dos condiciones de vegetación circundante, aquellos mayormente rodeados por una matriz de bosque tropical (.85%), y los rodeados parcialmente (,35%). Se testearon 3 hipótesis: la matriz de bosque tropical que rodea parches de vegetación secundaria presenta una mayor diversidad y riqueza de murciélagos en comparación con la vegetación secundaria; la proporción de bosque tropical que rodea a la vegetación secundaria favorece la diversidad, riqueza y abundancia de murciélagos sensibles al disturbio; y el incremento en la apertura del dosel disminuye la abundancia de murciélagos. Los sitios de control de bosque tropical, presentaron la mayor diversidad y riqueza de murciélagos y contribuyeron mayormente a la diversidad total. En los parches de vegetación secundaria mayormente rodeados de bosque tropical se encontró que la diversidad de murciélagos fue similar a las áreas de control de bosque tropical. Sin embargo, los parches de vegetación secundaria mayormente rodeados por bosque tropical presentaron mayor diversidad y riqueza de murciélagos y contribuyeron a la diversidad total en comparación con parches de vegetación secundaria parcialmente rodeados por bosque tropical. Los parches de vegetación secundaria parcialmente rodeados por bosque tropical, estuvieron dominados por 2 especies murciélagos frugívoros pequeños característicos de la vegetación secundaria (Carollia sowelli y Carollia perspicillata) mientras que los parches mayormente rodeados por bosque estuvieron dominados por 2 especies de murciélagos frugívoros grandes (Artibeus lituratus y Artibeus jamaicensis), típicos de vegetación madura que se alimentan principalmente de higos (Ficus spp.), un árbol abundante del bosque tropical. La diversidad, riqueza y la contribución total a la diversidad estuvieron correlacionadas positivamente con la proporción de bosque tropical, mientras que la abundancia de murciélagos fue negativamente correlacionada con la apertura de dosel. 
